The effect of environmental conditions immediately before anthesis on potential grain weight was investigated in wheat at the experimental field of the Faculty of Agronomy (University of Buenos Aires, Argentina) during 1995 and 1996. Plants of two cultivars of wheat were grown in two environments (two contrasting sowing dates) to provide different background temperature conditions. In these environments, transparent boxes were installed covering the spikes in order to increase spike temperature for a short period (c. 6 days) immediately before anthesis, i.e. between ear emergence and anthesis. In both environments, transparent boxes increased mean temperatures by at least 3n8 mC. These increases were almost entirely due to the changes in maximum temperatures because minimum temperatures were little affected. Final grain weight was significantly reduced by higher temperature during the ear emergence-anthesis period. It is possible that this reduction could be mediated by the effect of the heat treatment on carpel weight at anthesis because a curvilinear association between final grain weight and carpel weight at anthesis was found. This curvilinear association may also indicate a threshold carpel weight for maximizing grain weight.
INTRODUCTION
Grain yield in wheat has been commonly found to be associated with the number of grains per m# (Fischer 1985 ; Magrin et al. 1993) and much research has been carried out to elucidate the causes of differences in number of grains per m# in relation to both environmental conditions (Fischer 1985) and genetic improvement (Loss et al. 1989 ; Slafer et al. 1994) . Although less variable than number of grains per m#, individual grain weight is also an important source of variation in grain yield. However, there is a rather poor understanding of the determinants of grain weight in wheat.
An early hypothesis was that changes in grain weight were associated with changes in the availability of assimilates for grain growth. Several authors (see Slafer & Savin 1994) , have manipulated source : sink ratios at (or after) anthesis to test this hypothesis. Although some of them (Fischer & HilleRisLambers 1978 ; Simmons et al. 1982) concluded that final grain weight was somewhat limited by the source, a wider * To whom all correspondence should be addressed at : Facultad de Agronomı! a, Ca! tedra de Cereales, Av. San Martin 4453 (1417) Buenos Aires, Argentina. E-mail : dfcalder!mail.retina.ar analysis (Slafer & Savin 1994) showed that grain growth of modern cultivars is unlikely to be source limited. Similar results have been published for cultivars released at different eras (Kruk et al. 1997) and for Rht isogenic lines (Miralles & Slafer 1995) . Therefore, most differences in grain weight must be related to those in grain weight potential (i.e. the intrinsic capacity of grains to accumulate dry matter as defined by Bremner & Rawson 1978) .
Temperature during grain-filling has been identified as a major environmental factor affecting grain weight and its physiological determinants (Sofield et al. 1977) . This effect has also been found when relatively short periods of high temperature occur during grainfilling in wheat (Stone & Nicolas 1995) and barley (Savin & Nicolas 1996) . These reports (mostly based on controlled-environment studies) have clearly demonstrated that high temperatures during the grainfilling period reduce grain weight due to a reduction in the grain-filling duration (measured in calendar time), and this effect may not be reversed by increasing the availability of assimilates per grain (Slafer & Miralles 1992) . The importance of the period immediately before anthesis for the determination of potential grain weight has been largely disregarded. However, it is during this period that the structures of the ovary (grain pericarp after fertilization) are formed, and the importance of the pericarp tissues on early grain development was suggested many years ago (Rijven & Banbury 1960) . The observation that temperatures from the four-leaf stage to anthesis may modify final grain weight in wheat (Wardlaw 1994) suggests that there is a need to examine more closely pre-anthesis effects on potential grain weight. This is supported by the observation that in barley (Scott et al. 1983) there is a positive relationship between final grain weight and carpel weight at anthesis, suggesting that the carpel growth period may be critical for the determination of potential grain weight. In addition, the possibility that carpel weight is a determinant of differences in grain weight potential among grains from different positions of the spike has received little attention in research.
We aimed to determine whether spike temperatures during the period from ear emergence to anthesis contribute to the determination of potential grain weight in field-grown wheat plants, through effects on floret and carpel growth.
MATERIALS AND METHODS
The study was carried out during 1995 and 1996 at the experimental field of the Faculty of Agronomy, University of Buenos Aires (34m35hS, 58m29hW, altitude 25 m) on a silty clay loam soil (Aeric Argiudoll). Treatments consisted of the factorial combination of two sowing dates, 18 December 1995 (S " ) and 27 March 1996 (S # ), two high-yielding wheat cultivars (Pro INTA Federal and Buck Ombu! ), known to differ in their potential grain weight (Pedrol & Castelları! n 1989) , and two temperature regimes for the growing spikes (control or heated spikes) during the period from ear emergence (at 50 % of ear emergence) to anthesis, i.e. when carpels are growing rapidly. Although the sowings were not those commercially used they were chosen to expose the crops to extreme, though realistic, combinations of pre-and postanthesis conditions. Experimental plots of 7 rows, 0n20 m apart and 3 m long, oriented in a north-south direction were arranged in split-split-plot design with three replications. Main plots were assigned to sowing dates, subplots to cultivars and sub-subplots to the preanthesis thermal regimes. Sowing density was 400 and 350 plants\m# in S " and S # , respectively. Mineral nitrogen was applied at sowing at 180 kg N\ha. Plots were irrigated from planting to maturity to supplement rainfall. Weeds were periodically removed by hand. Diseases and insects were prevented by spraying pesticides at the rates recommended by their manufacturers.
To increase the temperature during carpel growth, transparent acrylic boxes (50 cm length, 20 cm height and 6n5 cm wide) with open bases were installed covering only the spikes (c. 15 contiguous plants in a central row) from their emergence to anthesis (i.e. during c. 6 days) in the heated treatment. Each box was supported at its southern end by a wooden stake. In S " , only one box per plot was installed but in S # two boxes were installed in each plot with the objective of increasing the number of heated spikes. Daily maximum and minimum temperatures were recorded inside and outside the boxes with a digital thermometer (TFA, Germany).
During the crop cycle, the dates of booting, heading and anthesis were recorded using the scale proposed by Zadoks et al. (1974) . Physiological maturity was assessed as the time when grain growth ceased. During the pre-anthesis period the dry weight of the carpels of each of the three most proximal florets (those closest to the rachis) in the four central spikelets of four main-shoot spikes per experimental unit were measured (only in controls) at mid-booting and c. 4 days after anthesis in S " (see Table 1 ). In S # carpel weight was measured at mid-booting, mid-heading and at 50 % anthesis in controls. In S # , carpels of heated spikes were also measured at 50 % anthesis (see Table 1 ). The carpels and grains corresponding to the three most proximal florets will be subsequently referred to as C " , C # and C $ for measurements before anthesis and G " , G # and G $ for measurements during the grain-filling period. Carpels or grains from positions 1 and 2 are collectively termed ' proximal carpels or grains ' and C $ or G $ named ' distal carpel or grain '.
From anthesis onwards, one main-shoot spike from each replication was harvested at least twice weekly and the dry weight of G " , G # and G $ was recorded only for the control treatment in S " and for both control and heated treatments in S # . Final grain weight for each grain category was estimated using a bi-linear model :
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were y is grain weight (mg), a " and b " the intercept (mg) and the rate of grain-filling (mg\day), respectively, corresponding to the first stage (i.e. from anthesis to physiological maturity), a # and b # the intercept (mg) and the rate of grain-filling (mg\day), respectively, corresponding to the second stage (i.e. after physiological maturity), x day after anthesis, and c the total duration of the grain-filling period (days). Fitting was performed by an optimization technique (Jandell 1991) . This model fits the data through an iterative procedure, producing reliable estimates of the grain filling duration and final grain weight (for more details see Miralles et al. 1996) . For S " , the number of spikes subjected to the heated treatments (i.e. inside the boxes) were insufficient for the use of a bi-linear model. Therefore, in this treatment five spikes from each plot were used to determine final grain weight (averaged for each category of grain at harvest).
Data were subjected to analysis of variance. When comparisons were made between sowing dates, Error A (main plot) was used ; for comparisons between cultivars or between thermal regimes, the magnitudes of Error B (subplot) and C (sub-subplot) were taken into account. In addition, linear and curvilinear regression analyses were performed.
RESULTS
The extreme sowing dates used in the present experiment strongly modified the environment in which the crop was grown (Fig. 1) . Within each sowing date the cultivars showed similar anthesis date ; however they differed by c. 8 days at physiological maturity (Table 2 ). The period between booting and anthesis had a mean temperature of 
c. 26 mC in S " for both cultivars ; while in S # it was c. 13n5 mC. During grain-filling, mean temperatures were c. 24m and 15n5 mC in S " and S # , respectively. Solar radiation for the booting-anthesis period differed markedly between sowings, c. 23 and 9 MJ m#\day in S " and S # , respectively. For the anthesis-physiological maturity period those values were 20 and 14 MJ m#\day in S " and S # , respectively (Fig. 1) .
Grain weight was modified by both genotype (P 0n001) and grain position (P 0n001) in both sowings (Table 3) . Considering grain position, a clear difference between proximal grains and G $ was found both in S " and S # (Table 3 ). This pattern of differences is similar to that for final grain weight found for optimum sowing dates for these cultivars in Buenos Aires (38-42 mg for proximal grains and 28-35 mg for G $ ). Interactions between most factors on final grain weight were not significant, except that for cultivarigrain position (P 0n05).
Heat treatment consistently increased mean temperatures during the period between heading and anthesis, by 4n7 and 3n8 mC in S " and S # , respectively. These increases were entirely due to the increases in maximum temperatures (Fig. 2) . Average maximum temperatures within the acrylic boxes and for the c. 6 days before anthesis were 44n6 and 26n8 mC in S " and S # , respectively. Differences between heated treatment and the control in minimum temperature were negligible ( 0n5 mC). The heat treatment significantly decreased final grain weight (P 0n01), the decrease depending on sowing date (interaction significant at P 0n01). Cultivars showed different responses to the heat treatment. For example, P. Federal was more affected (19n5 % decrease in S # , averaging across all grain positions) than B. Ombu! (6n3 % decrease) in that sowing. In addition, final grain weights from proximal and distal positions were differently affected by the heat treatment. The weights of proximal grains were less reduced than G $ (e.g. 14n6 and 24n5%, respectively in P. Federal in S # ). Heat treatment decreased carpel weight (P 0n001) in both cultivars and in all grain positions (Fig. 3 , where carpel weight in the heat-treated spikes was measured at anthesis). This reduction was greater in P. Federal (28 %) than in B. Ombu! (20 %), and C $ showed a greater decrease (c. 35 and 31 % in P. Federal and B. Ombu! , respectively) than proximal carpels (c. 24 and 13 % in P. Federal and B. Ombu! ). In addition, carpel weight at anthesis depended strongly upon its growth between heading and anthesis (Fig. 3) . Similar results were found in S " for both cultivars and all grain positions when the weight of carpels just (4 days) after anthesis was related to the rate of carpel growth from booting to then (r l 0n97 ; P 0n001).
Final grain weight of both control and heated spikes showed a quadratic association with carpel weight at anthesis in S # (Fig. 4) . Finally, the environmental conditions (temperature) during the period between heading and anthesis were of critical importance in determining final grain weight, especially for grain positions of relatively low potential (e.g. G $ ) which were the most affected in both sowing dates (Fig. 5) . It is possible that the greater reduction found in S # could be related to the fact that the relative increase of temperature was higher in S # than in S " (36 and 17 %, respectively). (triangles). Lines were fitted by regression (y l 12n6j39n4xk17n9x# ; r l 0n93, P 0n5 and y l 20n8j49n1xj25n3x# ; r l 0n98, P 0n01 in Pro INTA Federal and Buck Ombu! , respectively).
DISCUSSION
The effect of sowing date (Stapper & Fischer 1990) , genotype (Gleadow et al. 1982 ; Slafer & Andrade 1989 ; Wardlaw et al. 1989 ; Calderini et al. 1995) and grain position (Slafer & Savin 1994 ; Miralles & Slafer 1995 ; Kruk et al. 1997 ) on grain weight potential has been widely recognized. Other studies have shown negative relationships between final grain weight and temperature during grain-filling. For example Wardlaw (1994) showed this negative relationship over the temperature range of 14-27 mC. In addition, most of the studies have explained the differences in potential grain weight by differences in the rate of grain-filling (Sofield et al. 1977 ; Wardlaw & Moncur 1995) . However, the importance of environmental conditions during a short period (c. 6 days) before anthesis on potential grain weight has not generally been recognized, although the effects of high temperature on kernel damage, especially the occurrence of sterile grains, are known (Tashiro & Wardlaw 1990 ). The present study was focused on the influence of temperature in the late stages of the spike development period. The increase in spike temperature was obtained by the use of acrylic boxes which markedly increased maximum temperatures though has almost no effect on minimum temperatures. The effect of a few hours of high temperature can not be assumed to be the same as a continuous temperature even though the daily mean may be the same. However, under crop conditions it is commonly observed that critical increases of temperatures do not occur very rapidly during the day (see Stone & Nicolas 1995) . On the other hand, the use of boxes probably modified the humidity around the heated spikes, especially because the effect of boxes on temperature is variable according to sunshine (i.e. lower humidity in the boxes in higher sunshine). In addition, although the boxes had open bases to allow air circulation around the spikes, it is possible that vapour pressure has been affected by the use of the boxes. Therefore, a possible effect of vapour pressure deficit on final grain weight (independently from the effect of higher temperature per se) should not be discarded in the present work.
The importance of pre-anthesis temperature (more exactly during the period between spike emergence and anthesis) on final grain weight has been shown in the present study, and this result is consistent with the results reported by Wardlaw (1994) for a much more extended period during pre-anthesis under controlled conditions.
A linear relationship between grain weight and the carpel weight at anthesis was reported in barley (Scott et al. 1983) , which also appears to hold for grains\ ovules at different positions within the spikelet in Lolium perenne (Warringa et al. 1998) . But in wheat, little is known about the influence of floret size on grain weight potential except for the association between grain weight and the weight of spike tissues (including awns) at anthesis found by Fischer & HilleRisLambers (1978) . The study of the relationship between final grain weight and floret parameters in pre-anthesis is relevant to understand the determination of grain weight potential for particular growing conditions. Miralles et al. (1998) have explained differences in final grain weight of proximal grains in isogenic lines for semi-dwarfism of wheat in terms of the number of pericarp cells, which are developed before anthesis. In the present study, an association between final grain weight and carpel weight at anthesis, both for control and heated spikes, was also found. However, this relationship was quadratic, rather than linear. Probably this relationship could be involved with the mechanisms that determine grain weight potential but as the relationship is strongly influenced by C $ and G $ it is not possible to conclude that the effects of different temperature regimes (from ear emergence to anthesis) and grain positions on final grain weight are both consequences of variation in carpel weight. With this in mind, the existence of a carpel weight threshold of c. 1 mg at anthesis for achieving maximum grain weight is suggested, at least for these two cultivars. Finally, it may be hypothesized that cultivars with grains of relatively low potential weight may be less stable in final grain weight than those with genetically heavy grains. For example, differences in final grain weight between proximal and distal grains were better explained by carpel weight than differences between grains 1 and 2. This may be deduced from the fact that the grains from the distal florets were more responsive than proximal grains, and because for any particular grain position the cultivar with smaller grains (P. Federal) was more responsive than B. Ombu! (see Fig. 5 and Table 2 ). This does not mean that post-anthesis conditions, particularly temperature during grain-filling, are not important in determining final grain weight, but that genetic and environmental factors that modify carpel growth and in turn the weight the carpel may reach set an upper limit to final grain weight.
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